C. elegans mre-11 is required ftor meiotic
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dispensable for the meiotic G, DNA

damage checkpoint
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We investigated the roles of Caenorhabditis elegans MRE-11 in multiple cellular processes required to
maintain genome integrity. Although yeast Mrell is known to promote genome stability through several
diverse pathways, inviability of vertebrate cells that lack Mrell has hindered elucidation of the in vivo roles
of this conserved protein in metazoan biology. Worms homozygous for an mre-11 null mutation are viable,
allowing us to demonstrate in vivo requirements for MRE-11 in meiotic recombination and DNA repair. In
mre-11 mutants, meiotic crossovers are not detected, and oocyte chromosomes lack chiasmata but appear
otherwise intact. y-irradiation of mre-11 mutant germ cells during meiotic prophase eliminates progeny
survivorship and induces chromosome fragmentation and other cytologically visible abnormalities, indicating
a defect in repair of radiation-induced chromosome damage. Whereas mre-11 mutant germ cells are
repair-deficient, they retain function of the meiotic G, DNA damage checkpoint that triggers germ cell
apoptosis in response to ionizing radiation. Although mre-11/mre-11 animals derived from heterozygous
parents are viable and produce many embryos, there is a marked drop both in the number and survivorship of
embryos produced by succeeding generations. This progressive loss of fecundity and viability indicates that
MRE-11 performs a function essential for maintaining reproductive capacity in the species.
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Living organisms expend considerable energy in preserv-
ing the integrity of their genomes. Multiple mechanisms
have evolved to ensure the fidelity of genome duplica-
tion and to guarantee faithful partitioning of chromo-
somes at cell division. Cells also have the capacity to
recognize and repair DNA damage acquired through ex-
posure to genotoxic environmental stresses and to pre-
vent cell cycle progression until repair has been com-
pleted (Weinert 1998; Haber 2000). It has become in-
creasingly clear that the mechanisms involved in
accomplishing these tasks are intimately related. The
interconnectedness of mechanisms responsible for ge-
nome maintenance is particularly evident during sexual
reproduction when cells undergoing meiosis reduce their
diploid chromosome complement by half. Crossover re-
combination events between the DNA molecules of ho-
mologous chromosomes collaborate with sister chroma-
tid cohesion to establish temporary connections be-
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tween homologs (chiasmata) that allow them to orient
toward opposite poles of the meiosis I spindle (Hawley
1988; Moore and Orr-Weaver 1998).

Recently, studies of meiotic recombination, double-
strand break (DSB) repair, cell cycle checkpoints, and
tumor suppressors have converged to focus attention on
complexes containing two well-conserved proteins,
Rad50 and Mrell (Haber 1998; Dasika et al. 1999; Petrini
2000). In vitro studies have demonstrated multiple in-
trinsic nuclease activities for human and/or yeast
Mrell, including 3’ to 5’ ds and ssDNA exonuclease,
ssDNA endonuclease, and hairpin opening (Furuse et al.
1998; Paull and Gellert 1998, 1999; Trujillo et al. 1998;
Usui et al. 1998; Moreau et al. 1999). These activities are
modified in efficiency and specificity by interactions
with other components of the respective Mrell com-
plexes (Paull and Gellert 1998, 1999; Trujillo et al. 1998).

Most of what we know about the in vivo roles of
Mrell/Rad50 protein complexes comes from studies in
Saccharomyces cerevisiae where Mrell and Rad50 are
known to function in diverse cellular processes required
to maintain genome stability. They participate in both
homologous recombination and nonhomologous end-
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joining pathways for repair of DSBs in vegetative cells
(Moore et al. 1993; Ivanov et al. 1994, 1996; Moore and
Haber 1996; Boulton and Jackson 1998; Tsubouchi and
Ogawa 1998; Bressan et al. 1999; Lewis et al. 1999). Dur-
ing meiosis, they play a dual role in both formation and
processing (5’ to 3’ resection) of the regulated DSBs that
initiate meiotic recombination (Alani et al. 1990; Cao et
al. 1990; Johzuka and Ogawa 1995; Nairz and Klein
1997). Additional roles include a requirement for these
proteins in maintenance of telomere length (Kironmai
and Muniyappa 1997; Boulton and Jackson 1998; Nugent
et al. 1998). An intact Mrellp nuclease domain is re-
quired for some but not all of these functions (Bressan et
al. 1998, 1999; Furuse et al. 1998; Tsubouchi and Ogawa
1998; Usui et al. 1998; Moreau et al. 1999).

Vertebrate Mrell/Rad50 complexes have been impli-
cated in cell cycle checkpoint responses to DNA dam-
age. Evidence for a role in an S-phase DNA damage
checkpoint came initially from the finding that hMrel1l
and hRad50 copurify in a complex with Nbsl, the pro-
tein encoded by the gene mutated in the Nijmegen
breakage syndrome (NBS) (Carney et al. 1998; Varon et
al. 1998). NBS is an inherited disorder associated with an
increased sensitivity to ionizing radiation (IR) and a pre-
disposition to cancer (Shiloh 1997); cells from NBS pa-
tients fail to suppress DNA synthesis after exposure to
IR (the radioresistant DNA synthesis, or RDS, pheno-
type). More recently, patients with an ataxia-telangiec-
tasia-like disorder with cellular features similar to NBS,
including the RDS phenotype, were found to have hypo-
morphic mutations in AMRE11 (Stewart et al. 1999). In-
dependent evidence that Mrell and Rad50 function in
the response to DNA damage in mammalian cells came
from the observation that IR induces localization of
Mrell to sites of DNA damage (Nelms et al. 1998). Nbs1
and Rad50 colocalize with Mrell in IR-induced foci
along with the tumor suppressor gene product Breal,
which physically associates with Rad50 (Maser et al.
1997; Carney et al. 1998; Zhong et al. 1999). These pro-
teins are all constituents of a huge (>20 MD) protein
complex that also includes the checkpoint protein ki-
nase Atm (Wang et al. 2000), and phosphorylation of
Nbsl by Atm appears to be important for conferral of
radioprotection and for IR-induced inhibition of DNA
synthesis in cultured cells (Gatei et al. 2000; Lim et al.
2000; Zhao et al. 2000).

Although these studies have implicated the mamma-
lian orthologs of Mrell and Rad50 in the cellular re-
sponse to DNA damage, it has been difficult to discern
whether they function in repair per se or in damage de-
tection, transduction of a damage signal, regulation of
checkpoint responses, or some combination of these
functions. Mrell has been implicated in maintaining
chromosome integrity in chicken DT40 cells through a
role in recombination-based repair (Yamaguchi-Iwai et
al. 1999), but the hyperrecombinogenic character of the
DT40 cell line makes it difficult to draw conclusions
about the importance of this role in normal cellular
physiology. Efforts to further elucidate the in vivo bio-
logical roles of Mrell and Rad50 in metazoan systems,

In vivo roles of C. elegans mre-11

particularly at the organismal level, have been hampered
by the fact that vertebrate cells that lack Mrell or
Rad50, as well as mouse embryos that lack Rad50, are
inviable (Xiao and Weaver 1997; Luo et al. 1999;
Yamaguchi-Iwai et al. 1999).

We report here our analysis of Mrell function in the
nematode Caenorhabditis elegans, a simple metazoan.
Worms homozygous for an mre-11 null mutation are vi-
able, providing an opportunity to investigate the in vivo
roles of C. elegans MRE-11 in multiple cellular processes
required to maintain genome integrity. This work estab-
lishes requirements for CeMRE-11 in meiotic recombi-
nation and in repair of IR-induced chromosome damage
and demonstrates that CeMRE-11 is dispensable for
function of a meiotic G, DNA damage checkpoint. Fur-
thermore, we find that although CeMRE-11 is not re-
quired for viability in the short term, it is crucial in the
long term for maintenance of reproductive capacity and
thus for perpetuation of the species.

Results

C. elegans mutants defective in mre-11

We isolated our initial mre-11 mutant allele in a genetic
screen for C. elegans mutants defective in meiotic chro-
mosome segregation (Kelly et al. 2000). Because males
(which possess a single X chromosome) arise among the
self-progeny of XX hermaphrodites as a consequence of
chromosome missegregation (Hodgkin et al. 1979), mei-
otic mutants were identified by screening for hermaph-
rodites producing a high incidence of male embryos (or
“Him” phenotype). Most Him mutants identified in this
manner also suffer autosomal missegregation and conse-
quently produce broods comprised mainly of dead aneu-
ploid embryos, with a few euploid adult survivors. Be-
cause recombination between homologous chromo-
somes is required to ensure faithful segregation at
meiosis I, mutants defective in this prerequisite event
are readily recovered using this approach.

One mutation identified in this manner, me41, was
mapped to a 0.95-cM region containing ZC302.1 (now
designated mre-11), which encodes the C. elegans ortho-
log of the yeast meiotic and mitotic DNA repair protein
Mrellp. Depletion of mre-11 transcripts by RNA inter-
ference elicited a robust phenocopy of the me41 mutant.
Moreover, sequencing of the mre-11 gene in the me41
mutant revealed a G — A transition that substitutes a
lysine for a glutamate residue that is conserved in all
Mrell orthologs; this conserved glutamate is located at a
position immediately adjacent to the second block of
homology shared between the Mrell proteins and the
Escherichia coli SbecD nuclease (Fig. 1; Sharples and
Leach 1995).

A second mre-11 mutant allele, 0k179, was generated
by the C. elegans Deletion Consortium using a PCR-
based strategy to isolate deletions in mre-11. This screen
allows identification of mutations in the heterozygous
state, therefore there is no bias against recovery of mu-
tations that confer lethality when homozygous. The
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Figure 1. C. elegans MRE-11 predicted protein sequence aligned with orthologs from human, mouse, Drosophila, fission yeast, and
budding yeast. The solid underline corresponds to the conserved phosphoesterase domain, with the thicker segments indicating motifs
conserved between Mrell and E. coli SbcD nuclease. The asterisk marks the alternative initiator methionine predicted by cDNAs
obtained by 5’ RACE. The position of the glutamate to lysine change caused by the mre-11(me41) missense mutation is indicated
above the sequence alignment. The in-frame deletion in mre-11(0k179) removes the segment of sequence encoding the amino acids

indicated by the dashed line below the alignment.

0k179 allele contains an in-frame deletion that removes
70% of the conserved coding sequence, including nearly
half of the highly conserved phosphoesterase domain re-
quired for nuclease activities in yeast Mrellp (Fig. 1;
Furuse et al. 1998; Usui et al. 1998; Moreau et al. 1999).
On the basis of the size and structure of this deletion, the
0k179 mutation is expected to eliminate mre-11 func-
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tion. Because me41 and ok179 fail to complement and
confer very similar phenotypes in multiple assays (see
below), it is likely that the me41 allele also severely
reduces gene function.

For both mre-11 mutant alleles, viable homozygous
mutant worms comprised the expected one-quarter of
the self-progeny from heterozygous hermaphrodites (105



of 416 for 0k179 and 101 of 399 for me41). The fact that
homozygous mre-11 mutants are apparently fully viable
when derived from a heterozygous parent allowed us to
investigate the in vivo roles of CeMRE-11 in multiple
processes required to maintain genome integrity.

Sequencing of cDNAs obtained from the Kohara EST
library confirmed all intron/exon boundaries predicted
by Genefinder for ZC302.1, and several cDNAs included
part of the first predicted exon, making it likely that the
MRE-11 protein sequence predicted by Genefinder (GI:
3881390) is correct. We also generated cDNAs by 5’
RACE that did not contain the first predicted exon but
instead contained the trans-spliced leader SL1 spliced to
predicted exon 2, providing evidence for a variant protein
form that initiates at a methionine corresponding to
amino acid 45 of the Genefinder-predicted protein. The
two predicted forms of MRE-11 are 772 and 728 amino
acids in length, and both contain nonconserved amino-
terminal regions (103 or 59 amino acids) upstream of the
conserved remainder of the protein.

C. elegans mre-11 is required for meiotic crossing over
and chiasma formation

Both mre-11 alleles confer an array of phenotypes diag-
nostic of a defect in meiotic reciprocal recombination
(Dernburg et al. 1998; Zalevsky et al. 1999; Kelly et al.
2000). Homozygous mutant hermaphrodites are morpho-
logically normal and display a Him phenotype indicative
of a severe defect in meiotic chromosome segregation
(Table 1). They produce a large number of embryos, most
of which are inviable, and a large fraction of the progeny
that survive to adulthood are male. Cytological analysis
of the germ lines of these males revealed that chromo-
some segregation is also defective during male meiosis.

Cytological analysis of oocyte nuclei in late meiotic
prophase (diakinesis) demonstrated an absence of chias-
mata in mre-11 mutants that readily accounts for the
meiotic segregation defect. At this stage, homologous
chromosomes have lost the side-by-side alignment that
is the hallmark of an earlier stage of prophase (pachy-
tene), but remain attached by chiasmata, temporary
physical links established as a result of reciprocal recom-
bination events completed earlier in prophase. Although
six DAPI-stained bodies (corresponding to the six pairs of
homologs attached by chiasmata) are detectable in ooc-
tyes of wild-type worms, 12 individual DAPI-stained
bodies (corresponding to unattached univalent chromo-

In vivo roles of C. elegans mre-11

somes) are observed in the majority of mre-11 mutant
oocytes (Fig. 2a—c). An average of 11.9 DAPI-stained bod-
ies were resolved in 91 oocyte nuclei from 12 mre-
11(ok179) worms, and an average of 11.7 DAPI-stained
bodies were resolved in 140 oocyte nuclei from 18 mre-
11(me41) worms.

Measurement of crossover frequency in the mre-
11(ok179) mutant indicates that the absence of chias-
mata reflects an underlying defect in crossover forma-
tion. We assessed crossing over in a 38-cM interval cor-
responding to 80% of the X chromosome and found no
recombinants among 487 progeny of mre-11(0k179) her-
maphrodites (Table 2). A recombination frequency <1%
of the wild-type level indicates that crossing over is se-
verely reduced or eliminated in mre-11(ok179) mutants.
Because this assay detects recombination in both male
and female germ lines of the hermaphrodite, this ex-
treme reduction in crossover frequency indicates that
recombination is severely compromised in both sper-
matocyte and oocyte meiosis.

Normal pairing and alignment of homologs in mre-11
mutant germ lines

A severe deficit in crossover formation could reflect a
defect in recombination per se or might result from an
inability to establish or maintain pairing and alignment
of homologous chromosomes. We ruled out a defect in
homolog pairing by cytological analysis of whole-mount
germ-line preparations, in which nuclei at all stages of
meiotic prophase are represented simultaneously in a
temporal/spatial gradient. The morphology of meiotic
prophase chromosomes in three-dimensionally pre-
served mre-11 mutant germ lines appeared normal until
the diakinesis stage, when the absence of chiasmata be-
came evident. Figure 2d-f shows the similar appearance
of wild-type and mre-11 nuclei at the earlier pachytene
stage of meiotic prophase, when homologs are fully
paired and aligned along their lengths. Discrete DAPI-
stained tracks indicative of paired and synapsed ho-
mologs are apparent in both wild-type and mre-11 mu-
tant nuclei. Moreover, fluorescence in situ hybridization
(FISH) experiments verified that homologous chromo-
somal regions are intimately associated in mre-11 mu-
tants (Fig. 2g-i). For probes from three different chromo-
somes, hybridization signals from the two homologs
were either completely coincident or closely juxtaposed

Table 1. mre-11 mutants exhibit a Him phenotype indicative of a defect in meiotic chromosome segregation

Average no. of eggs laid

Percent inviable embryos®

Percent males

Genotype (no. of broods) (total no. of embryos) (total no. of adults)
wild type 281 = 53 (5) 0 (1403) 0 (1403)
mre-11(med1)? 191 + 36 (9) 97.9(1717) 24 (332)
mre-11(0k179)" 190 = 38 (10) 96.9 (1898) 35 (530)

299% of the inviable embryos died before hatching; 1% hatched and died as arrested L1-L2 larvae.
PThe hermaphrodites whose progeny were scored in these experiments were homozygous mre-11 mutants derived from mre-11/+/+

mothers.
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Figure 2. Chiasmata are absent in mre-
11 mutants but pachytene morphology
and homolog pairing are normal. (a—c)
Single DAPI-stained oocyte nuclei at
diakinesis, the final stage of meiotic
prophase. Each panel shows a projection
of a three-dimensional data stack
through an entire nucleus. (a) Wild-type
nucleus with six DAPI-stained bodies,
corresponding to six pairs of homolo-
gous chromosomes attached by chias-
mata. (b,c) mre-11 mutant oocytes with
12 univalents, indicating an absence of
chiasmata. (d—f) Fields of nuclei at the
pachytene stage earlier in meiotic pro-
phase. Images shown are projections
halfway through the nuclei to highlight
nuclear organization. (d) Pachytene nu-
clei in wild-type. Discrete tracks of
DAPI-stained chromatin corresponding
to pairs of side-by-side aligned and syn-
apsed chromosomes are arranged at the
periphery of each nucleus. (e,f) Pachy-
tene nuclei in the mre-11 mutants.
DAPI-stained chromatin tracks are
similar in thickness, number, and ar-
rangement to those seen in wild-type
pachytene nuclei. (g—i) Homolog pairing
assayed by FISH in wild-type (g) and
mre-11 mutant (h,i) nuclei in the pachy-
tene region of the germ-line. DAPI- [
stained chromosomes are shown in

nesis

Diak

Pachytene

Pachytene

blue, and a probe from the left end of Wild-t}pr

chromosome I is shown in orange. A

mre-11(ok179) mre-11(med1)

single hybridization signal indicative of intimate pairing is visible in each nucleus for all three genotypes. Images shown are projec-
tions of three-dimensional data stacks through entire nuclei. Scale bars, 2 pm.

in nuclei from the pachytene regions of both wild-type
and mre-11 mutant gonads.

mre-11 is required for repair of IR-induced
chromosome breaks generated during meiotic prophase

Meiotic recombination is normally initiated by pro-
grammed induction of enzymatically generated double-
strand DNA breaks (Paques and Haber 1999). Dernburg

Table 2. Severe reduction in crossover frequency
in the mre-11 (ok179) mutant

No. of No. of Map
Genotype recom- progeny distance
of parent binants scored (cM)

+/(mre-11 or +);

dpy-3 unc-3/+ 602
mre-11/mre-11;

dpy-3 unc-3/+ 0

1956 hermaphrodites 38

354 hermaphrodite <0.2
133 male
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et al. (1998) demonstrated that artificial induction of
DNA breaks by vy-irradiation can bypass the requirement
for the putative recombination-initiating enzyme Ce-
SPO-11, producing both crossovers and chiasmata in
spo-11 mutants (which normally lack recombina-
tion). Kelly et al. (2000) further demonstrated that the
response to IR-induced breaks can be used to distinguish
between mutants specifically defective in initiation of
recombination and mutants defective in subsequent
steps in the recombination pathway. They showed that
y-irradiation does not bypass the requirement for msh-5,
which acts at a later step to promote the crossover out-
come of initiated recombination events. We used this
v-irradiation treatment to further investigate the roles of
mre-11.

Exposure of mre-11 mutant germ lines to 5 krad of
v-irradiation revealed a profound defect in the response
of germ cells to DNA damage (Table 3; Fig. 3). Whereas
wild-type hermaphrodites exhibited only a 6% decrease
in progeny survivorship after this treatment, progeny
survivorship was reduced by at least two orders of mag-
nitude, and thereby effectively abolished, for both mre-
11(me41) and mre-11(ok179) hermaphrodites. In con-
trast, previous analysis showed that this treatment



Table 3. Progeny survivorship is abolished in mre-11
mutants after germ-line y-irradiation

Viable adult

progeny % Survivorship
Total (observed/ (relative to
Genotype embryos expected?) unirradiated)
Wild type 1535 1445/1535 94.1
mre-11(med1) 13,385P 0/174 <0.6
mre-11(ok179) 5580P 0/67 <1

Germ lines of late-stage L4 larvae were exposed to 5 krad of
y-irradiation from a '*’Cs source, and survivorship of their prog-
eny was assessed.

2The expected number of viable adult progeny was calculated by
multiplying the total number of embryos by the fraction of em-
bryos that survived to adulthood in the broods of concurrently-
scored unirradiated control hermaphrodites of the same geno-
type (0.013 for me41 and 0.012 for ok179).

PThese numbers are estimates based on multiplying the average
number of embryos per brood (determined by counting several
complete broods) by the total number of broods examined.

actually increases the production of viable progeny by
10- to 20-fold in the spo-11 mutant (presumably reflect-

mre-11(med1)

mre-11(med1)

In vivo roles of C. elegans mre-11

ing improved chromosome segregation as a consequence
of chiasma formation) and causes only about a 50% de-
crease in progeny survivorship for msh-5 mutants (Dern-
burg et al. 1998; Kelly et al. 2000).

Cytological examination of oocyte chromosomes 18 h
after irradiation revealed profound defects in the ability
of mre-11 mutant germ cells to repair chromosomal
damage induced by vy-irradiation (Fig. 3). Whereas diaki-
nesis-stage chromosomes in wild-type oocytes appeared
similar to unirradiated controls, the chromatin in oo-
cytes from irradiated mre-11 animals exhibited multiple
abnormalities. Chromosomes had a frayed appearance
and tended to be clumped together in large masses that
made it impossible to resolve them as separate entities.
We also observed several clear examples of chromosome
fragments (Fig. 3c,f), indicating a failure to properly re-
pair chromosome breaks. This appearance of gross chro-
mosomal abnormalities after germ-line irradiation in
mre-11 mutants contrasts sharply with results obtained
for spo-11 and msh-5 mutants, in which chromosomes
emerged from the treatment appearing morphologically
intact and, in the case of spo-11, connected by chiasmata
(Dernburg et al. 1998; Kelly et al. 2000).

Y
mre-11(ok179

mre-11(med1)

Figure 3. IR-induced chromosome defects in mre-11 mutant oocytes. Wild-type and mre-11 worms at the late L4 larval stage were
exposed to 5 krad of y-irradiation, and their germ lines were fixed with formaldehyde 18 h later and stained with DAPI. Oocyte nuclei
examined at the diakinesis stage at this time were likely at the pachytene stage at the time of irradiation. (a) Wild-type oocyte nucleus,
which contains six pairs of homologs attached by chiasmata; the chromosomes appear morphologically normal and intact. (b—f) mre-11
mutant oocytes exhibiting multiple chromosomal abnormalities. Chromosomes tend to be clumped or aggregated with a frayed
appearance. Chromosome fragments are indicated by arrows in ¢ and f. Images are projections of three-dimensional data stacks through

entire nuclei. Scale bars, 2 pm.
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Figure 4. A functional meiotic G, DNA damage checkpoint in
mre-11 mutants. Late-stage L4 hermaphrodites were exposed to
0, 5, or 10 krad of vy-irradiation, and induction of germ cell
apoptosis (a readout of the meiotic G, DNA damage checkpoint)
was assessed 24-28 h later using Nomarski microscopy. The
y-axis indicates the number of apoptotic nuclei observed per
gonad arm. Fifty-two to seventy gonad arms were scored for
each data point; error bars indicate standard error of the mean.

Number of apoptotic nuclei

The meiotic G, DNA damage checkpoint is functional
in mre-11 mutants

The above analysis indicates that at least some germ-line
nuclei in irradiated mre-11 mutants can proceed to the
diakinesis stage without successfully repairing damaged
chromosomes. This likely reflects a defect in the repair
process, but might also reflect a defect in a checkpoint
mechanism that would normally eliminate germ cells
that have sustained substantial damage. Gartner et al.
(2000) recently reported that exposure of female C. el-
egans germ cells to y-irradiation can induce them to un-
dergo apoptosis at the end of the pachytene stage of mei-
otic prophase (an extended G, phase). Induction of apop-
tosis by irradiation is dependent on a conserved DNA
damage checkpoint requiring mrt-2, the C. elegans or-

tholog of checkpoint genes Schizosaccaromyces pombe
radl* and S. cerevisiae RAD17. This checkpoint can also
be triggered in unirradiated wild-type germ lines by
depletion of RAD-51 by RNAi, which presumably re-
sults in persistence of unresolved recombination inter-
mediates. We examined whether this meiotic G, DNA
damage checkpoint is operative in mre-11 germ lines.

Our analysis of radiation-induced apoptosis indicates
that the meiotic G, DNA damage checkpoint is func-
tional in mre-11 mutant germ lines (Fig. 4). L4 worms
were exposed to 0, 5, or 10 krad of y-irradiation, and their
germ lines were scored 24 to 28 h later for the presence
of apoptotic germ cells. Both mre-11 mutants and wild-
type controls exhibited similar dose-dependent increases
in the frequency of apoptotic germ cell corpses detected
after irradiation. Thus, mre-11 function is required nei-
ther for sensing the presence of +y-irradiation-induced
DNA damage nor for triggering apoptosis.

mre-11 is required for maintenance of reproductive
capacity

Although mre-11 homozygotes derived from mre-11/+
parents (m+z-) are fully viable and produce large num-
bers of embryos, there is a marked decrease both in the
number and viability of embryos produced by succeeding
generations (Table 4). A substantial fraction of mre-11
homozygotes from mre-11/mre-11 parents (m-z-) fail to
lay any eggs at all (26 of 112 for 0k179 and 51 of 96 for
me41). In contrast, failure to lay eggs is unusual among
m+z- hermaphrodites (0 of 105 for 0k179 and 4 of 101 for
me41). For those m-z- worms that do lay eggs, the av-
erage number of viable progeny produced per brood is
=5% of that produced by their m+z- parents (Table 4),
making it impossible to propagate either mre-11 mutant
as a homozygous strain.

Progressive loss of fecundity and viability sets mre-11
mutants apart from many other meiotic recombination-
defective mutants that we have analyzed, most of which
can be propagated indefinitely as homozygous self-fertil-
izing strains (Zalevsky et al. 1999; Kelly et al. 2000; K.
Hillers, A. MacQueen, K. Reddy, and A.M. Villeneuve,
unpubl.). This contrast was illustrated by a direct side-
by-side comparison between mre-11 and msh-5(me23), a
crossover-defective mutant that produces viable progeny

Table 4. Progressive loss of reproductive capacity in mre-11 mutants

Average no. of eggs

% Viable progeny

Average no. of viable

Genotype laid (no. of broods)? (total no. of embryos) progeny/brood?
mre-11(me41) (m+ z-)° 191 = 36 (9) 2.1(1717) 4.0
mre-11(me41) (m- z-)° 61 =44 (19) 0.2 (1151) 0.1
mre-11(0k179) (m+ z-) 190 = 38 (10) 3.1(1898) 5.9
mre-11(0k179) (m- z-) 54 + 42 (16) 0.6 (868) 0.3

*Worms that laid no eggs were not included in these averages.

P(m+ z-) indicates that the hermaphrodites assessed for progeny production were homozygous mre-11 mutants derived from self-
fertilization of mre-11/+ mothers, i.e., mre-11(+) was present maternally (m+) but absent zygotically (z-).

¢(m- z-) indicates that the hermaphrodites assessed for progeny production were homozygous mre-11 mutants derived from homo-
zygous mre-11 mutant mothers. mre-11(+) was present neither maternally nor zygotically.
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at the same rate as m+z- mre-11 (Kelly et al. 2000). m+z-
mre-11 and msh-5 hermaphrodites were plated individu-
ally, and the plates were examined 4 wk (approximately
eight generations) later. Six of the nine msh-5 worms
plated had produced more than 500 viable descendants,
two had produced 100-200 descendants, and one had pro-
duced no viable hermaphrodite progeny in the first gen-
eration. All of the plates with viable progeny contained
live animals at multiple developmental stages. In con-
trast, none of the eight mre-11(me41) and nine mre-
11(ok179) worms had produced more than a handful of
descendants, and it is unlikely that any had produced
progeny beyond the second generation. Of the 17 mre-11
plates, 15 had a few decaying carcasses but no live
worms, and the remaining two each contained several
carcasses plus a single live worm that was well beyond
reproductive age.

To explore the basis of this progressive loss of repro-
ductive capacity, we examined DAPI-stained germ lines
of m-z- mutant hermaphrodites. This analysis revealed
a variety of abnormalities not seen in m+z- mre-11 mu-
tant or wild-type hermaphrodites. Frayed aggregated
chromosomes reminiscent of the chromosome morphol-
ogy observed after y-irradiation of m+z- animals were
seen in 3 of 31 mre-11(ok179) diakinesis nuclei exam-
ined. Likewise, 2 of 17 mre-11(me41) diakinesis nuclei
scored possessed frayed aggregated chromosomes. Sev-
eral mutant worms had disorganized gonads, and in a few
cases, no diakinesis-stage nuclei were evident. Further-
more, a severe deficit or absence of sperm was found in
several worms that had laid very few or no embryos. In
addition to examining hermaphrodites of egg-laying age,
we also examined DAPI-stained young adult hermaph-
rodites at the time of onset of oogenesis, before sperm
had been depleted. Large numbers of sperm (>75) were
present in both gonad arms of 13 m+z- mre-11 mutant
worms. In contrast, 6 of 28 gonad arms in 14 m-z- mre-
11 mutant worms possessed <30 sperm nuclei, and an
additional 2 of 28 gonads possessed between 30 and 50
sperm nuclei. Consistent with the interpretation that
reduced sperm counts are at least partially responsible
for reduced embryo production, introduction of sperm by
mating with wild-type males substantially increases the
number of embryos produced by m-z- mre-11 hermaph-
rodites.

We also examined several rare surviving progeny aris-
ing from m-z- mre-11(0k179) mutant parents. Four of
five worms laid no eggs, and five of the eight gonad arms
from these four worms had <10 sperm. Two of the 10
diakinesis nuclei examined displayed the frayed aggre-
gated appearance of the chromosomes found in the pre-
vious m-z- generation and in irradiated mre-11 diakine-
sis nuclei. In these two nuclei, we also observed chro-
mosome fragments, which constitute clear evidence of
spontaneous chromosome breakage.

Discussion

Roles of mre-11 in meiotic recombination and repair

We have shown that meiotic recombination in C. el-
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egans is profoundly impaired and perhaps eliminated in
the absence of mre-11 function, based on an inability to
detect chiasmata cytologically or crossover recombina-
tion events genetically. This indicates that mre-11 plays
a crucial role in meiotic recombination in this metazoan
organism. We have also shown that C. elegans mre-11 is
required for at least one pathway for repairing chromo-
some damage induced by IR. C. elegans germ-line nuclei
clearly have the capacity to regenerate intact chromo-
somes after IR exposure, as both progeny survivorship
and the cytological appearance of oocyte chromosomes
are largely unaffected after irradiation of wild-type germ
lines. This capacity is severely compromised in mre-11
mutants, for which the same treatment abolishes prog-
eny survivorship and results in a highly abnormal cyto-
logical appearance of oocyte chromosomes. IR-induced
cytological abnormalities include chromosome frag-
ments, which are definitive indicators of unrepaired
DSBs, and large chromosome aggregates, which may be
the result of a misrepair process that comes into play
when the repair pathways that require mre-11 are un-
available.

The response of mre-11 mutants to germ-line ~y-irra-
diation contrasts with those of several other meiotic re-
combination-defective mutants, allowing us to make ad-
ditional inferences regarding the role of MRE-11 in the
recombination pathway. First, we can conclude that
mre-11 is not required solely for the initiation step of
meiotic recombination since a vy-irradiation treatment
that is capable of bypassing the requirement for the re-
combination-initiating enzyme SPO-11 clearly does not
bypass the requirement for mre-11. Rather, the inability
of mre-11 mutant germ cells to regenerate intact chro-
mosomes after IR treatment suggests that mre-11 may be
required for a process downstream of initiation that is
crucial to all meiotic recombination events, both cross-
over and noncrossover. This role contrasts with that of
msh-5, which functions to promote the crossover out-
come of initiated recombination events but is apparently
not required to regenerate intact chromosomes after ir-
radiation. By analogy to the roles of Mrellp in yeast
meiotic recombination, we suggest that a potential re-
quirement for worm MRE-11 downstream of the initia-
tion step could reflect a role in promoting 5’ to 3’ resec-
tion of DSBs to generate a substrate for a subsequent
strand invasion step (Nairz and Klein 1997; Tsubouchi
and Ogawa 1998; Usui et al. 1998; Moreau et al. 1999).
However, it is almost certainly an oversimplification to
interpret the inability to restore intact chromosomes in
mre-11 mutant germ cells as a defect strictly in the mei-
otic recombination pathway. Although it is clear that
wild-type, spo-11, and msh-5 germ cells are capable of
repairing IR-induced chromosome damage, we do not
know what fraction of damage is being repaired by the
homologous recombination pathway that is activated in
meiosis and
what fraction of damage might be repaired by an alter-
native pathway, such as nonhomologous end-joining,
that also requires mre-11.

Whereas we have excluded the possibility that C. el-

GENES & DEVELOPMENT 529



Chin and Villeneuve

egans mre-11 functions solely in initiation of meiotic
recombination, our data support the possibility that, like
yeast MRE11, it may play dual roles in meiotic recom-
bination (Johzuka and Ogawa 1995; Nairz and Klein
1997). That is, it may function not only in a DSB pro-
cessing/repair step, but also in generating DSBs at the
initiation step. Despite their lack of chiasmata, diakine-
sis-stage chromosomes in mre-11 mutant oocytes appear
otherwise morphologically normal unless they are ex-
posed to IR. The fact that chromosomes emerge from
meiotic prophase apparently intact in unirradiated mre-
11 mutants, coupled with the fact that these mutants
exhibit defects in repair of IR-induced DSBs, suggests the
possibility that meiotic DSBs are never made in mre-11
mutants. This conclusion must remain tentative at pre-
sent as we do not know how the number and type of
breaks (or other lesions) induced by +y-irradiation com-
pare with the enzymatically generated breaks that nor-
mally initiate meiotic recombination.

G, DNA damage checkpoint function in the absence
of MRE-11

Ionizing radiation induces a dose-dependent increase in
germ cell apoptosis in mre-11 mutants, indicating a
functional meiotic G, DNA damage checkpoint. Al-
though mre-11 mutant germ lines are repair defective,
they are apparently still competent to identify and elimi-
nate (by apoptosis) at least some of the damage caused by
IR. This ability to trigger the DNA damage checkpoint in
the absence of mre-11 function indicates that MRE-11
cannot be an essential sensor of DNA damage.

Although the G, DNA damage checkpoint can func-
tion to eliminate some damaged germ cells in mre-11
mutants, other germ cells apparently escape death and
proceed to diakinesis with obviously abnormal chromo-
somes. Furthermore, if mre-11 mutants were strictly re-
pair defective but fully checkpoint proficient, one might
have anticipated seeing a higher incidence of apoptosis
in the mre-11 mutants at the 5-krad dose, because an
increased number of lesions capable of triggering the
checkpoint presumably would not have been removed.
Several possible scenarios could account for these obser-
vations. One possibility is that when the MRE-11-depen-
dent repair pathway(s) are unavailable, alternative repair
pathways might improperly repair the IR-induced chro-
mosomal damage. This “misrepair” might succeed in
eliminating checkpoint-triggering lesions without re-
storing morphologically normal chromosomes. A second
possibility is that different types of DNA lesions might
yield different levels of some DNA damage signal, and
the subset of lesions normally repaired using MRE-11
may not contribute significantly to the signal triggering
checkpoint-induced apoptosis.

Finally, MRE-11 might modulate the signal emanating
from damaged DNA. MRE-11 could be involved in pro-
cessing lesions into forms that can serve as a checkpoint-
triggering signal. Evidence from other systems has sug-
gested that ssDNA serves as a potent signal for triggering
DNA damage checkpoints (Huang et al. 1996; Abramova
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etal. 1997; Lee et al. 1998).In S. cerevisiae, Mrel 1p plays
arole in vivo in promoting 5’ to 3’ resection at DSB ends
to reveal 3’ ss ends (Nairz and Klein 1997; Tsubouchi and
Ogawa 1998). Moreover, Lee et al. (1998) showed that
whereas deletion of S. cerevisiae MRE11 does not impair
a temporary cell cycle arrest elicited by one or two de-
fined DSBs, it does suppress the permanent arrest elic-
ited by two DSBs in wild type or by a single DSB in a
mutant with accelerated 5’ to 3’ resection. Their data
support a model in which the retardation of 5’ to 3’ re-
section demonstrated in the yeast mrell mutant sup-
presses permanent arrest (under conditions of limited
DNA damage) by reducing the amount of ssDNA avail-
able to serve as the DNA damage signal. Similarly, loss
of C. elegans MRE-11 might reduce the amount of effec-
tive DNA damage signal by reducing the 5’ to 3’ resec-
tion of DNA ends, thereby dampening the checkpoint
response. However, none of these possibilities detract
from the primary conclusion that the G, DNA damage
checkpoint can function in the absence of MRE-11.

An essential function for mre-11 in maintaining
reproductive capacity

Not only are homozygous mre-11 mutant hermaphro-
dites from heterozygous parents (m+z-) fully viable, but
they also produce viable adult offspring (m-z-) at a fre-
quency typical of many mutants whose sole apparent
defect is a lack of crossing over during meiosis (Zalevsky
et al. 1999; Kelly et al. 2000). This finding was initially
surprising given that vertebrate cells lacking Mrell or
Rad50, as well as mouse embryos lacking Rad50, are in-
viable (Xiao and Weaver 1997; Luo et al. 1999; Yamagu-
chi-Iwai et al. 1999). The requirement for Mrel1l even in
cells that have not been exposed to any exogenous geno-
toxic insult has implied that Mrell plays a role in an
essential cellular process. Petrini (2000) has proposed
that the essential role of the Mrell complex might be to
facilitate repair of DSBs that arise as by-products of DNA
replication. On the basis of this hypothesis, it seemed
reasonable to anticipate that mre-11 would be an essen-
tial gene in C. elegans as well.

Our finding that mre-11 is required for maintenance of
reproductive capacity in the nematode provides a frame-
work for reconciling what initially appeared to be a sig-
nificant difference between vertebrates and worms in the
physiological requirement for Mrell. We suggest that
progressive loss of reproductive capacity in worm mre-11
mutants and inviability of Mrel1~/~ vertebrate cells may
be, at least in part, different manifestations of the same
underlying cellular defects. If we examine the hypothesis
that lack of Mrell impairs the ability to repair sponta-
neous DSBs (e.g., those that arise as collateral damage of
the replication process), we find that the relative timing
of onset of problems not attributable to the meiotic re-
combination defect in C. elegans mre-11 mutants can be
considered quite comparable to the timing of appearance
of spontaneous chromosome breaks and loss of viability
in chicken DT40 cells after depletion of GdMrell
(Yamaguchi-Iwai et al. 1999). DT40 cells undergo ~9 to



10 cell generations in the absence of Mrell protein be-
fore they cease cycling and start to die, at which time 0.5
chromosome breaks/cell can be detected cytologically.
Moreover, DT40 cells are hyperrecombinogenic (Buer-
stedde and Takeda 1991) and may well have an elevated
frequency of spontaneous breaks compared to other cell
types. C. elegans has only roughly 10 cell generations in
the soma and 10 in the germ line during its entire life-
time, and its genome is one-tenth the size of the chick
genome. Given these parameters and the fact that worm
embryos apparently receive a maternal endowment of
mre-11 mRNA (Reinke et al. 2000), it is not surprising
that the (nonmeiotic) lethal consequences of mre-11 loss
might first become apparent in the germ lines of m-z-
hermaphrodites or in their progeny.

If the reduction in fecundity and progeny viability in
m-z- animals is a consequence of persistence or misre-
pair of spontaneous DSBs, one might have anticipated
seeing more cytological evidence of broken chromo-
somes in their germ lines. However, not all DSBs would
be expected to be visible as chromosome breaks. Sister
cohesion and other features of higher order chromosome
structure may serve to hold together chromosomes with
broken DNA molecules, masking their presence. Fur-
thermore, germ-line nuclei that suffered replication-in-
duced breaks during either mitotic or premeiotic S-phase
may not enter the meiotic program and, thus, would not
be detected by our assays. In addition, nuclei with cer-
tain overt types of breaks may be preferentially elimi-
nated by apoptosis, whereas misrepaired chromosomes
might persist and confer embryonic lethality. Finally,
some lethal lesions may arise later, during subsequent
embryonic cell cycles.

We have just made a case that the same underlying
DNA metabolism defects that lead to lethality in
Mrell~/~ vertebrate cells likely contribute to the pro-
gressive loss of reproductive capacity in C. elegans mre-
11 mutants. However, the reduction in number of em-
bryos produced by m-z- hermaphrodites can be attrib-
uted, at least in part, to reduced sperm counts. At first
glance, diminished sperm production is not readily ex-
plained as a readout of an underlying defect in DNA
metabolism. However, recent findings show that regula-
tion of germ cell proliferation and regulation of the
sperm/oocyte switch are intimately related (e.g., Puoti
and Kimble 1999). Thus, it is plausible that a defect in
DNA metabolism could affect the relative timing of
germ cell proliferation and that this, in turn, could alter
the timing of the sperm/oocyte switch, ultimately re-
sulting in both a reduction and a high variance in the
number of zygotes produced.

Because yeast MRE11 has been implicated in telomere
length maintenance (Kironmai and Muniyappa 1997,
Boulton and Jackson 1998; Nugent et al. 1998), we also
considered the possibility that the progressive loss of re-
productive capacity of mre-11 mutants might result
from telomere loss. Analysis of mrt-2 mutants demon-
strated that telomere loss leads to germ line mortality in
C. elegans (Ahmed and Hodgkin 2000). However, the
rate of telomere shortening in mrt-2 strains is only ~12
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bp/cell division, and it takes at least 8 and usually many
more worm generations after homozygosity for mrt-2 to
reach functional infertility. Given that mre-11 mutants
experience a comparable drop in reproductive capacity
within a single worm generation after they become ho-
mozygous, we do not favor telomere loss as the major
cause of the strain’s demise.

C. elegans as a system for investigating function
of essential repair proteins

Several DNA repair functions have been identified
through research using radiation-sensitive mutant cell
lines derived from either human patients or hamster
CHO cells (Thompson 1996). However, studies of this
type have systematically failed to identify several pro-
teins discovered in fungal systems to be central to
double-strand break repair pathways (including Rad51,
Rad50, and Mrell), as vertebrate cells that lack these
proteins are inviable (Xiao and Weaver 1997; Sonoda et
al. 1998; Luo et al. 1999; Yamaguchi-Iwai et al. 1999).
The short-term viability of C. elegans mutants that lack
MRE-11 has allowed us to investigate the in vivo bio-
logical roles of this essential repair protein in a metazoan
experimental system. Our preliminary analysis indicates
that loss of C. elegans rad-50 function has phenotypic
consequences similar to those resulting from loss of mre-
11 (K. Hillers and A.M. Villeneuve, unpubl.). This sug-
gests that short-term viability may be a general charac-
teristic of C. elegans mutants that lack essential repair
functions and that the C. elegans system may provide a
unique opportunity to examine their in vivo roles in
metazoan biology at the organismal level. Moreover, it
implies that genetic screens for C. elegans mutants de-
fective in meiotic recombination may have the capacity
to identify genes encoding previously unknown essential
DNA repair proteins.

Materials and methods

Genetics

The following mutations and chromosome rearrangements
(strain background Bristol N2) were used (Riddle et al. 1997):
LGV: mre-11(me41), mre-11(ok179), nT1 [unc-?(n754) let-
?2(m435)](IV,V), dpy-11(e224) unc-42(e270); LGX: dpy-3(e27)
unc-3(e151). mre-11 alleles were maintained in a heterozygous
state using the balancer nT1; heterozygous (Unc) worms were
picked periodically to maintain the strain, and mre-11 homo-
zygotes were identified based on absence of the nT1 Unc
marker.

me41 was mapped to the left of bP1 (V, 3.15) using the
RW7000 strain and STS markers therein as in Williams et al.
(1992). me41 was localized very near or to the right of unc-42 (V,
2.20) by a three-factor cross: 20 of 20 Dpy non-Unc and 0 of 10
Unc non-Dpy progeny from dpy-11 unc-42/me41 heterozygotes
carried the me41 allele.

Recombination frequencies between dpy-3 and unc-3 were
measured as in Kelly et al. (2000).

cDNA analysis

Complete sequences were determined for c¢cDNA clones
yk133b9, yk323f11, and yk422g7. The longest clone, yk133b9,
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begins at coordinate 99 of the Genefinder predicted coding se-
quence for ZC302.1. We performed 5" RACE (GIBCO BRL) using
gene-specific primer ACTCCTGAATGTTGCTGTGC to prime
first strand ¢cDNA synthesis, and the primer CUACUACU
ACUAGGCCACGCGTCGACTAGTACGGGIIGGGIGGGIIG
in conjuction with the nested primer CCGCAATGAATAT
CAGTGGC to amplify the cDNA. In the resulting cDNA, the
SL1 transplice leader immediately preceded the second pre-
dicted exon (beginning at coordinate 129 of the predicted
ZC302.1 coding sequence).

Detection of achiasmate chromosomes in oocyte nuclei

Oocyte chromosomes were fixed with Carnoy’s fixative and
stained with DAPI as in Villeneuve (1994). Because individual
univalents or bivalents in some nuclei lie too close to each other
to be resolved unambiguously, this method underestimates the
frequency of achiasmate chromosomes.

Imaging of meiotic chromosome morphology

Preparation of gonads for cytological analysis was carried out as
in Dernburg et al. (1998), with modifications. Dissected gonads
were fixed by addition of an equal volume of 7.4 % formaldehyde
in 1x egg buffer. Tissue was sandwiched between a positively
charged glass slide and a siliconized coverslip. The slide was
then frozen in liquid N,, the coverslip was quickly removed
with a razor, and the sample was transferred to 95% cthanol at
-20°C. Slides were postfixed for 10 min at room temperature in
M9 containing 3.7% formaldehyde, stained with 0.5 pg/mL
DAPI in M9, washed 5x for 5 min in M9 and once for 5 min in
1 M Tris-HCI at pH 8 and mounted for microscopy in 90%
glycerol containing 3.6% N-propylgallate, buffered to pH 8 with
Tris base. Imaging of DAPI-stained chromosomes was per-
formed using a DeltaVision deconvolution microscopy system
as described in Dernburg et al. (1998).

In situ hybridization

FISH was performed using a probe targeting the 5S rDNA locus
(chromosome V) and probes derived from YAC clones Y13H5
(left end of I) and Y51E2 (left end of X). Probes were gifts from A.
MacQueen and M. Colaiacovo (Stanford University School of
Medicine, CA) and were prepared as described in Dernburg et al.
(1998) and Zalevsky et al. (1999). Hybridization conditions were
as described by Dernburg and Sedat (1998), with modifications.
Dissected gonads prepared as above were rehydrated through a
series of washes: 3x in 2x SSCT for 2 min, 1x in 25% formam-
ide/2x SSCT for 1 min, 2x in 50% formamide/2x SSCT for 1 min
(the second at 37°C), and 1x in 50% formamide/2x SSCT for 3 h.
Probes were applied to the sample in hybridization solution, and
slides were heated on a 95°C heat block for 2.5 min. After over-
night incubation at 37°C, samples were washed 3x in 50% form-
amide/2x SSCT at 37°C for 10 min, 1x in 25% formamide/2x
SSCT at room temperature, and 4x in SSCT for 3 min. Slides
were blocked with 1% BSA for 1 h before anti-digoxigenin an-
tibody (Boehringer Mannheim) was applied at 1:100 dilution for
1 h at room temperature and overnight at 4°C. Slides were
stained with DAPI as above, rinsed five times in 2x SSCT for 5
min and once in 1 M Tris-HCl at pH 8 for 5 min and mounted
as described above.
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